Introduction {#s1}
============

With the rise in global mean temperatures ([@COV050C74]; [@COV050C46]) species\' persistence may depend on their capacity to shift their distributions to more favourable environments, acclimate via phenotypic plasticity or adapt to changes within their current environment. Their vulnerability to rising temperatures may also depend on their mechanism of temperature regulation. Given that an ectotherm has poor insulation and low rates of internal heat production, its body temperature is primarily controlled by environmental heat sources ([@COV050C54]). Thus, its overall performance can be greatly influenced by environmental temperature, and its ability to carry out vital functions over a range of temperatures is defined as its performance window ([@COV050C45]). This window results from temperature-dependent trade-offs at all levels of functioning ([@COV050C65]); beyond the upper and lower critical limits of their thermal windows (CT~Max~ and CT~Min~, respectively), ectotherms will start to exploit their passive range of tolerance but can do so only for a limited time. While increasing temperature can have some positive effects on growth, this only occurs within an optimal range, beyond which growth and other important processes are compromised due to protein denaturation and enzyme inhibition, gradually reducing long-term fitness ([@COV050C63], [@COV050C65]; [@COV050C67]).

Given the consequences of environmental temperature on fitness-related traits, an ectotherm\'s thermal window should strongly overlap with the thermal regimes of its environment ([@COV050C44]; [@COV050C24]). Indeed, many interspecific and intraspecific studies show that the position of the performance window is generally correlated with environmental temperature in ectotherms ([@COV050C45]; [@COV050C44]; [@COV050C82]). However, given shifting thermal regimes owing to climate change, ectotherms, such as fishes, are at risk of being forced to perform at suboptimal temperatures or temperatures beyond their thermal windows. Climate change is expected to favour species with wider thermal windows or thermal generalists over those with narrower windows or thermal specialists ([@COV050C1]; [@COV050C66]; [@COV050C52]). Thus, tropical ectotherms may be particularly sensitive to climate warming relative to temperate species because they experience comparatively small annual temperature fluctuations, often show narrow thermal windows and seem to live relatively close to their maximal thermal tolerance ([@COV050C47]; [@COV050C81]; [@COV050C24]; [@COV050C82]; [@COV050C68]). Small-scale plastic responses (i.e. acclimation) in individuals may help to buffer these thermal stress effects long enough to allow for genetic adaptation within the population or species ([@COV050C42]). However, the less seasonal thermal environment of tropical ectotherms is likely to limit their acclimation response relative to taxa from temperate latitudes, a trend supported in salamanders ([@COV050C31]), *Sceloporus* lizards ([@COV050C83]) and porcelain crabs ([@COV050C81]), but not in European diving beetles ([@COV050C9]). In the present study, we measured the acclimation capacity of a widespread tropical fish by quantifying resting metabolic rate and both thermal and low-oxygen tolerance after short-term exposure to temperatures within and above its natural range.

Metabolic rate in fishes and other ectotherms is strongly affected by and tends to increase with temperature ([@COV050C37]; [@COV050C6]); however, sensitivity to temperature change varies across and within species. In many studies, an increase has been observed in both the standard metabolic rate (SMR, measured as the lowest rate measured over a full diel cycle) and resting or routine metabolic rate (RMR, measured while the fish is completely at rest) in fish with increasing temperature acclimation (SMR: [@COV050C61]; [@COV050C77]; [@COV050C16]; [@COV050C50]; and RMR: [@COV050C49]; [@COV050C19]; [@COV050C59]; [@COV050C75]); however, other studies report reduced metabolic rates with longer acclimation periods (RMR: [@COV050C26], [@COV050C27]; [@COV050C76]; and SMR: [@COV050C60]), although not always ([@COV050C59]). When a fish reaches a critically high temperature (CT~Max~) physiological disorganization occurs, leading to loss of equilibrium ([@COV050C3]; [@COV050C51]). The CT~Max~ has demonstrated high acclimation capacity with rising temperatures in numerous fish species, including, as examples, shortnose sturgeon *Acipenser brevirostrum* ([@COV050C91]) and platyfish *Xiphophorus maculatus* ([@COV050C70]). While a high upper thermal tolerance can aid in short-term persistence at elevated temperature, increases in other parameters, such as SMR or RMR, can limit energy availability for long-term functioning, such as feeding, growth and reproduction, highlighting the importance of integrative studies ([@COV050C69]).

In aquatic systems, the effect of thermal stress on metabolism is closely tied to oxygen availability in water. Many fishes are oxyregulators, keeping their oxygen consumption more or less constant over a wide range of oxygen availability in the water ($P_{O_{2}}$, oxygen partial pressure); however, when $P_{O_{2}}$ becomes too low to meet oxygen demands, the metabolic rate of the fish will shift from physiological regulation to oxyconformation, transferring to anaerobic metabolism, a level referred to as the critical oxygen tension (*P*~crit~; [@COV050C84], [@COV050C85]; [@COV050C90]). The difference between the *P*~crit~ and ambient $P_{O_{2}}$ represents the excess amount of oxygen available to exploit for aerobic metabolism. Furthermore, *P*~crit~ is predicted to increase with metabolic rate, reflecting the temperature dependence of hypoxia tolerance. Thus, a lower *P*~crit~ may be beneficial in that it may counteract thermally induced hypoxaemia and improve thermal tolerance ([@COV050C65]). Indeed, hypoxia tolerance and its temperature sensitivity may be a useful predictor of tropical fish persistence with rising temperatures ([@COV050C80]). Specifically, it has been suggested that during severe hypoxia fish survival is no longer determined by its capacity to take up sufficient oxygen, because there is no longer enough oxygen present in the surrounding waters; therefore, the scope for producing energy anaerobically (termed anaerobic scope) could become key to survival ([@COV050C57]). Indeed, temporary hypoxic events in aquatic systems (i.e. overnight hypoxia) are becoming more frequent with global warming as the formation of algal blooms is accelerated and ectothermic respiration rates increase ([@COV050C23]; [@COV050C86]; [@COV050C33]). Therefore, understanding relationships between thermal and hypoxia tolerances in fishes may be critical in predicting the response to changing environments ([@COV050C25]).

Here, we combine field and laboratory data to demonstrate the temperature sensitivity and short-term acclimation capacity of resting metabolic rate (RMR), critical oxygen tension, critical thermal maximum and thermal avoidance behaviour in a widespread tropical freshwater fish, the African cichlid *Pseudocrenilabrus multicolor victoriae* from Lake Kayanja, Uganda, where this fish lives near the upper range of its thermal distribution. Temperature treatments were based on long-term data on water temperature in Lake Kayanja, diurnal temperature profiles measured during the present study and projected climate-warming scenarios for the region. The RMR and *P*~crit~ were measured in *P. multicolor* acclimated for 3 days in our field laboratory to four temperature treatments both within and slightly above this population\'s natural thermal range. In a separate laboratory experiment on fish transferred live from Uganda to McGill University, we measured CT~Max~ after a 7 day acclimation to increased temperatures. Together, these data allowed us to investigate the following: (i) to test for evidence of short-term thermal acclimation on metabolic rate and thermal tolerance; (ii) to detect the temperature dependence of hypoxia tolerance; and (iii) to ask whether this equatorial species is living close to the edge of its thermal window.

Materials and methods {#s2}
=====================

Study site, species and specimen collection {#s2a}
-------------------------------------------

*Pseudocrenilabrus multicolor victoriae* is a small African cichlid, found throughout the Lake Victoria basin of East Africa across a wide range of dissolved oxygen and water temperature regimes ([@COV050C12], [@COV050C13], [@COV050C14]; [@COV050C71]). This species is a maternal mouthbrooder, with the eggs and developing young held in the female\'s mouth for 13--21 days ([@COV050C73]). Across habitats in Uganda, *P. multicolor* persists under a broad thermal range from 18.1°C in the dense interior of papyrus swamps to 30.8°C in warm ecotonal waters of lake systems ([@COV050C13]; [@COV050C34]). Thus, this species provides a useful model both for understanding the mechanisms underlying broad thermal distributions and for testing specific predictions related to thermal capacity in tropical ectotherms. This study focused on one population of *P. multicolor* from the wetland--open water ecotone of Lake Kayanja, Uganda, a population that persists at the upper end of the thermal distribution for this species and is therefore likely to be the most susceptible of the populations in this region to further increase in water temperature.

Lake Kayanja (0°16′60.00″S, 31°52′0.00″E) is one of the four small lakes (1.25 km^2^ in area, with a mean depth of 2.6 m; [@COV050C79]) in the Nabugabo region of Uganda, lying close to Lake Victoria. We defined the current thermal regime of Lake Kayanja to determine the range of temperatures that this population of *P. multicolor* is likely to experience in its natural habitat. We used two approaches: 4 years of average monthly values; and diurnal profiles to characterize shifts in water temperature over the day. We also recorded the dissolved oxygen concentration (in milligrams per litre) to characterize the oxygen availability in the natural habitat. Two diurnal profiles were conducted a month apart during the fish collection season at Lake Kayanja (24 June 2013 and 24 July 2013). Water temperature and dissolved oxygen were measured at five sites in the lake throughout the day beginning in the morning shortly after sunrise and ending just before sunset. The water temperature data were used to help determine ecologically relevant temperature treatments for acclimations and subsequent physiological experiments with this species. Long-term data show that the water temperature in Lake Kayanja over the past 4 years has ranged between 21.6 and 31.0°C, averaging 25.3°C, with no apparent increase over this time period (Fig. [1](#COV050F1){ref-type="fig"}). During this same 4 year period, mean dissolved oxygen averaged 7.09 mg l^−1^. During the two diurnal profiles, 150 measurements were taken at five sites over ∼10 h (∼07.00--15.30 h). Temperature ranged between 22.0 and 27.3°C, and dissolved oxygen remained high (mean 8.09 mg l^−1^), ranging between 7.10 and 9.03 mg l^−1^. The mean daily temperature over these 2 days was 25.4°C, rising between sunrise and early afternoon and then plateauing near 26°C until sunset (Fig. [2](#COV050F2){ref-type="fig"}). Figure 1:Monthly water temperature in Lake Kayanja, Uganda from 2010 to 2014. Measurements were made at five sites within the lake, twice daily (once in the morning and once in the afternoon). The dashed line at 26°C represents the midday average used in resting metabolic rate and critical tension experiments, as well as the minimal acclimation temperature used in critical thermal maximum experiments. Figure 2:Mean water temperature measurements from five sites in Lake Kayanja, Uganda obtained during two diurnal profiles completed during fish collection in 2013.

Based on these data, the temperature treatments used for this study were 23, 26, 29 and 32°C. These specific temperature treatments were used in order to determine how the metabolism, hypoxia tolerance and thermal tolerance of *P. multicolor* fluctuates over a range that incorporates the upper end of its existing temperature range as well the lower end of projected increases. Given the relatively wide range of recorded temperatures, it is possible that this population might have been temporarily exposed to temperatures at or very near to 32°C at some point. However, only 0.2% (*n* = 2) of the total 896 individual temperature measures in Lake Kayanja between 2010 and 2014 fell above 30.0°C. Thus, it is likely that the highest temperature treatment used in the present study (32°C) represents a temperature not naturally experienced by this population for any significant duration.

To test for short-term acclimation effects on RMR and *P*~crit~, adult male *P. multicolor* specimens (*n* = 40) were captured live from Lake Kayanja over 2 months using metal minnow traps. In this study, we did not use brooding females because the metabolic rate is elevated in brooders relative to non-brooders and males ([@COV050C72]). Individuals were transferred to facilities on the shores of Lake Nabugabo, ∼9 km from Lake Kayanja, where we have a small research station. Fish were held for a minimum of 24 h prior to temperature assignment and acclimation. As RMR is known to scale with body size ([@COV050C19]), a range of fish lengths and weights were used (2.4--5.3 cm; 0.60--4.31 g; Table [1](#COV050TB1){ref-type="table"}). During the initial 24 h holding period, fish were held in large, aerated coolers at 26°C (midday average during sampling period) using individual aquarium heaters and randomly assigned to a temperature treatment. Fish were then transferred to smaller coolers, and water temperatures were progressively increased or reduced by 1°C every hour until the target temperature was reached and then held for a minimum of 3 days. Temperatures were monitored four times daily using a hand-held probe to ensure that fluctuations were kept to a minimum (±0.3°C), and fish were fed Tetramin tropical fish flakes once daily to satiation. Although a longer acclimation period may facilitate compensatory mechanisms to offset thermal sensitivities, we used a 3 day acclimation to evaluate short-term physiological compensation abilities. The time frame was appropriate for the logistics of our field setting and informed by a laboratory study on *P. multicolor* that had been transferred live to McGill University (Canada) to establish effects of acclimation time. In that experiment, groups of four fish were acclimated to temperatures 5°C above ambient for 3, 7 or 14 days, and we detected no significant difference in the RMR or *P*~crit~ ([@COV050C92]). We opted to conduct the present experiment at our field laboratory to permit fish to be transferred directly from their natural field temperature into the acclimation design. Table 1:Mean ±1 SEM mass and standard lengths of *Pseudocrenilabrus multicolor victoriae* from temperature treatments used in experimentsExperimentRMR and *P*~crit~CT~Max~Temperature treatment (°C)*n*Mass (g)SL (cm)*n*Mass (g)SL (cm)23101.89 ± 0.283.64 ± 0.1826101.99 ± 0.363.61 ± 0.2672.45 ± 0.443.92 ± 0.242991.81 ± 0.303.72 ± 0.1772.73 ± 0.523.99 ± 0.2332112.24 ± 0.333.94 ± 0.2372.15 ± 0.263.78 ± 0.14Overall401.99 ± 0.163.73 ± 0.11212.44 ± 0.243.89 ± 0.12[^2]

Resting metabolic rate and critical oxygen tension {#s2b}
--------------------------------------------------

Minimum metabolic rate (MO~2Min~) is measured when a fish is in a post-absorptive state, during which resources are being used only for maintenance, and provides the best estimation of true basal metabolic rate ([@COV050C35]; [@COV050C5]; [@COV050C18]; [@COV050C77]; [@COV050C17]). Many studies have used RMR or SMR as the best estimations for an absolute minimal rate ([@COV050C39]; [@COV050C19]; [@COV050C58], **[@COV050C59]**; [@COV050C36]; [@COV050C26]). We chose to measure RMR because field logistics (availability of power) did not allow for in-chamber acclimations longer than a few hours, ruling out the possibility of recording full diel cycles in the respirometer. Much like SMR, measuring RMR requires a post-absorptive state, but allows for low levels of spontaneous activity ([@COV050C48]).

While it is established that a fish\'s metabolic rate can be strongly affected by temperature, sensitivity varies across and even within species. An index of sensitivity can be described by the *Q*~10~ coefficient, which measures the change in metabolic rate over a given (typically 10°C) temperature range ([@COV050C54]). We calculated RMR *Q*~10~ values for each temperature increment and across the full temperature range.

Resting metabolic rate measurements were obtained using intermittent flow-through respirometry equipment and software (Swim tunnel and AutoResp 2.0; Loligo Systems, Tjele, Denmark), as previously used to measure resting routine metabolic rate in *P. multicolor* ([@COV050C73]). The system consisted of a circular, 149 ml glass chamber in which the fish was placed, with a flush pump connected to one end, a motor and speed control instrument connected to the other, and a separate temperature-regulation unit, contributing to a total system volume of 157.0 ml. The system was filled with NovAqua (5 ml l^−1^) treated water and closed to estimate metabolic rate by following the progression of dissolved oxygen decline. The dissolved oxygen level in the ambient tank was monitored by a galvanic cell oxygen probe (dipping probe; Loligo Systems; 0--100% oxygen) and maintained by an air bubbler to achieve a constant saturation above 90%. The oxygen in the chamber containing the fish was measured using a fibre-optic oxygen probe (Fibox 3; Loligo Systems) and oxygen sensor (oxygen sensor spot; PreSens, Regensburg, Germany). The 100% oxygen setting was recalibrated prior to each trial. The 0% oxygen setting for oxygen probes was recalibrated twice a week with oxygen-free water (as prepared in a solution of 10 g Na~2~SO~3~ l^−1^). Water temperature was monitored continuously by a temperature probe (PT1000; Loligo Systems) and maintained by individual aquarium heaters connected to a temperature-control unit (TMP-REG; Loligo Systems). When the system was open ('Flush' setting), the glass chamber was flushed continuously with the aerated water from the ambient tank. Separate experiments were conducted to measure the build-up of waste products during respirometry experiments. The fish were starved for at least 24 h prior to experimentation to ensure a post-absorptive state, and trials were carried out at approximately the same time daily ([@COV050C17]).

Fish were permitted to rest, covered by an opaque barrier, in the chamber on 'Flush' for at least 30 min before beginning the acclimation/loop period and *P*~crit~ trial. During acclimation, the system was set to function on a loop setting: closed to allow oxygen saturation to drop to ∼80%, then flushed until levels return to 95--100%. This acclimation period lasted for a minimum of 2 h, with longer periods if MO~2~ rates indicated agitation ([@COV050C58]; [@COV050C36]). It was shown in an earlier study using similar techniques that *P. multicolor* typically recovers from handling stress within 2 h ([@COV050C72]). Consumption rates typically declined with time during this looping period as the fish recovered from handling stress. Once metabolic rate had stabilized to show \<10% difference in oxygen consumption between loops (determined by real-time MO~2~ calculations performed by AutoResp software during acclimation and throughout the trial), the chamber was closed and oxygen was allowed to drop to near-0% levels until the fish reached an obvious critical tension (*P*~crit~). The RMR values were obtained from the start of this *P*~crit~ trial, measuring MO~2~ until the oxygen concentration dropped to ∼80% (see '*Data preparation*'). The duration of the *P*~crit~ trial was determined by observing the oxygen consumption vs. time graph in the AutoResp software so as to pinpoint the point of conversion from regulation to conformation (*P*~crit~ was later determined precisely using a modified Yeager and Ultsch program; see '*Data preparation*'), informed by reading MO~2~ values calculated by the software every 10 min. Afterwards, the chamber was set to 'Flush', and the fish was allowed to recover for 30 min before being removed from the chamber, at which point it was weighed (in milligrams) and measured \[standard length (SL); in centimetres) before being returned to holding conditions.

Control trials with an empty respirometer were run after the experimental trials (except in the occasional case where power was not available) in order to establish background oxygen consumption rates at each experimental temperature. Average control consumption rates tended to increase with water temperature, but were similar within temperature treatments and were subtracted from values obtained during metabolic trials in order to establish true RMR rates.

Critical thermal maximum {#s2c}
------------------------

To evaluate short-term thermal acclimation effects on CT~Max~, male and female *P. multicolor* from Lake Kayanja (*n* = 21) were transferred live to our aquatic facility at McGill University and acclimated to three different temperature treatments (26, 29 and 32°C, *n* = 7 *per* treatment) for 7 days (at a rate of 1°C/h). Fish were held in captivity for 6 months prior to the experiment (at ∼22--24°C) and were therefore more removed from the field setting. Long-term exposure to slightly cooler and more stable water temperatures than Lake Kayanja may have altered their thermal sensitivities, precluding direct comparisons of the CT~Max~ and RMR/*P*~crit~ experiments. However, the CT~Max~ experiment should be robust as an indicator of acclimation capacity of thermal tolerance. The longer (7 day) acclimation period allowed the experimental protocol to be initiated within a 1 week period for all fish, because only one or two fish could be measured per day. The CT~Max~ was measured on males and non-brooding females following the critical thermal methodology (CTM) described in earlier studies, by gradually increasing the water temperature in the experimental tank at a rate low enough not to shock the fish but high enough to disallow for acclimation ([@COV050C20]; [@COV050C51]; [@COV050C29]; [@COV050C15]). After being starved for 24 h, fish were transferred to the experimental tank at their treatment temperature and allowed to acclimate for a minimum of 2 h. The tank was covered with an opaque barrier, and the fish were monitored during acclimation and the CTM trial via webcam in order to minimize disturbance. The experimental tank was supplied with constant aeration to maintain high dissolved oxygen levels (\>95% saturation) throughout.

During the trial, individuals were subjected to a constant (0.3°C/min) increase in water temperature that was controlled, monitored and recorded by a temperature-control unit and software (TMP-REG, AutoResp; Loligo Systems). Every individual tested displayed a similar behaviour; during the 2 h acclimation and the beginning of the trial, the fish would rest near cover under the mesh surrounding the circulating pump. As temperatures continued to increase, eventually the fish would emerge and begin swimming around the confines of the tank in a quick, agitated manner. We interpreted this as the fish displaying apparent avoidance behaviour to search for a more favourable thermal habitat, similar to those observed in hypoxia studies ([@COV050C62]; [@COV050C41]; [@COV050C11]). The time that this behaviour began was noted, and the exact temperature at that time point was obtained after the trial from the software output. The temperature at the onset of this behaviour, which we refer to as agitation temperature, was also re-confirmed by checking the time-stamped video footage of each trial. The trial was continued until loss of equilibrium, at which point the temperature was recorded and CT~Max~ was designated. At this point, fish were removed from the experimental tank and transferred to a holding tank held at the original treatment temperature and were allowed to recover. After recovery, each individual\'s mass and SL were measured, and the fish was returned to its original tank.

Data preparation {#s2d}
----------------

A modified Yeager and Ultsch program ([@COV050C72]) was used to convert oxygen (percentage saturation) and temperature measures from the AutoResp software output to $P_{O_{2}}$ (in millimetres of mercury), used in calculating *P*~crit~ values, and oxygen concentration (in milligrams per litre) for metabolic rate values. Metabolic rates were recorded during the looping acclimation period; however, the final RMR value was calculated using the start (∼10--15 min) of the *P*~crit~ trial (between 100 and 80% O~2~ saturation) to standardize methods among trials. As some fish required a prolonged acclimation period, and fish from warmer temperatures underwent shorter 'Measure' periods owing to a higher respiration rate, calculating RMR from acclimation loops would have entailed averaging a different number of loops from each individual. However, RMR values calculated from this initial slope were typically very similar (*P* = 0.732) and highly correlated (*r*^2^ = 0.929) with those measured during the last 30 min of the acclimation period.

Statistical analyses and calculations {#s2e}
-------------------------------------

ANCOVA was used to detect for differences in RMR values among temperature treatments, with body mass as the covariate. There was no difference in the slopes of the bi-logarithmic relationship between RMR and body mass (*F*~3,32~ = 1.029, *P* = 0.393); therefore, the interaction term between treatment and body mass was removed from the model. Both RMR and body mass were logarithmically transformed. The Sidak *post hoc* test was used to test for differences between any two temperatures, and estimated marginal means (mean values adjusted to the common body mass of all groups) were derived from the ANCOVA model. The *Q*~10~ values were calculated by applying the Van\'t Hoff equation to average mass-adjusted mean RMR values ([@COV050C54]) between the 23°C and 32°C treatment groups: $$Q_{10} = \left( \frac{V_{2}}{V_{1}} \right)^{(10/T_{2} - T_{1})}$$

where *V*~2~ and *V*~1~ represent the metabolic rates at temperatures *T*~2~ and *T*~1~, respectively. Temperature effects on *P*~crit~ were initially tested with ANCOVA; and ANOVA was applied after determining in the full model that body size was not a significant covariate, nor was the interaction between body mass and temperature (*P* = 0.185 and *P* = 0.587, respectively) and therefore these terms were removed from the final model. ANOVA, with sex and temperature as fixed factors and acclimation tank as a random factor, was used to detect acclimation effects on CT~Max~. SPSS software was used for all statistical analyses (IBM SPSS Statistics, 21.0.0), and all assumptions of the chosen statistical tests were met.

Results {#s3}
=======

Resting metabolic rate {#s3a}
----------------------

Both temperature and log body mass (covariate) were highly significant and therefore included in the final model for RMR (temperature: *F*~3,35~ = 8.608, *P* \< 0.001; body mass: *F*~1,35~ = 20.676, *P* \< 0.001). The RMR did not differ significantly among 23, 26 and 29°C but increased dramatically after acclimation to 32°C (Sidak *post hoc* test, *P* \< 0.001; Fig. [3](#COV050F3){ref-type="fig"}). Adjusted to the mean common body mass of 1.76 g, the mean RMR of the group tested at 23°C was 0.22 mg O~2~ h^−1^ and more than doubled to 0.52 mg O~2~ h^−1^ at 32°C. Figure 3:Resting metabolic rate (RMR) of *Pseudocrenilabrus multicolor victoriae* during four temperature treatments. Means are estimated marginal means adjusted to the common mean body mass (1.76 g) with standard errors calculated from ANCOVAs. Symbols that share the same letter are not significantly different (Sidak *post hoc* tests).

The *Q*~10~ value was 2.61 for RMR over the entire 9°C experimental range for this population of *P. multicolor*. Values for *Q*~10~ were also calculated over each 3°C range between treatments, with the caveat that significant differences in RMR were not detected between 23 and 29°C. These *Q*~10~ values ranged from 1.53 between 23 and 26°C, to 2.13 between 26 and 29°C, to 5.41 between 29 and 32°C.

Critical oxygen tension {#s3b}
-----------------------

Temperature was highly significant in the corrected model (*F*~3,36~ = 12.279, *P* \< 0.001). The mean *P*~crit~ of the group acclimated to 32°C was significantly higher than those from all three other treatments, which did not differ significantly from one another (Sidak *post hoc* tests; Fig. [4](#COV050F4){ref-type="fig"}). Figure 4:Mean critical oxygen tension (*P*~crit~) of *P. multicolor* during four temperature treatments with standard errors calculated from ANOVAs. Symbols that share the same letter are not significantly different (Sidak *post hoc* tests).

Critical thermal maximum and agitation temperature {#s3c}
--------------------------------------------------

There was no evidence for an increase in agitation temperature with acclimation temperature (*F*~2,17~ = 1.06, *P* = 0.368) and no effect of sex (*F*~1,17~ = 2.24, *P* = 0.153; Fig. [5](#COV050F5){ref-type="fig"}). However, the mean agitation temperature from all groups (∼38.1°C) was notably lower than CT~Max~, which may represent the temperature at which behavioural avoidance sets in and therefore a temperature of ecological relevance. In the final model that included temperature, sex and their interaction, only acclimation temperature was significant. The CT~Max~ increased significantly (*F*~2,15~ = 158.54, *P* \< 0.001) with each increase in acclimation temperature (Fig. [5](#COV050F5){ref-type="fig"}). Figure 5:Mean ±1 SEM temperature at which critical thermal maximum (black bars) and agitation (white bars) occurred for *P. multicolor* from three temperature acclimation treatments. Symbols that share the same letter are not significantly different (ANOVA, Sidak *post hoc* tests).

Discussion {#s4}
==========

Resting metabolic rate and critical oxygen tension {#s4a}
--------------------------------------------------

The mean mass-adjusted RMR of fish acclimated to 32°C was significantly higher than the RMR measured in all lower temperature treatments. Interestingly, RMR showed no significant differences between 3°C temperature increments from 23 to 29°C, temperatures already experienced naturally and frequently in this populations\' present thermal regime. While RMR is expected to exhibit a predictable increase in response to increasing temperature and did appear to rise over the tested range (Fig. [3](#COV050F3){ref-type="fig"}), the *Q*~10~ value between the two highest treatments (5.41) in *P. multicolor* was dramatically higher than general predicted values for teleost fish (∼2.0--3.0, with tropical species falling onto the higher end of that range; [@COV050C54]; [@COV050C78]) and notably higher than those calculated between the lower temperature treatments. This ability of *P. multicolor* to maintain a relatively stable RMR over 23--29°C may reflect physiological, biochemical and/or molecular mechanisms of compensation ([@COV050C7]). As observed from the diurnal temperature data (Fig. [2](#COV050F2){ref-type="fig"}), this population can be exposed to a wide range of temperatures throughout the day (∼5°C on a cloudy day, presumably more on a warmer day); thus, the ability to maintain a stable RMR throughout this range may be beneficial. This suggests that this population of *P. multicolor* may have optimized maintenance metabolic costs within this range, as compensated for by specific molecular processes, signifying that the fish are well adapted to their present thermal environment ([@COV050C40]). The dramatic increase in RMR at 32°C indicates an increase in the cost of maintenance functioning at temperatures only slightly (∼1°C) above the natural thermal range of this population of *P. multicolor*.

A higher RMR may facilitate rapid growth in conditions that can offset the higher costs of RMR (e.g. high food availability/accessibility, low predation; [@COV050C8]); however, a high RMR may also induce fitness costs. For example, overwintering juvenile Atlantic salmon (*Salmo salar* L.) lost energy reserves more quickly when no shelter was available, but this loss was less pronounced in fish that possessed a relatively lower RMR ([@COV050C32]). In contrast, even if a low RMR is maintained at high temperatures, this acclimation could also come at the cost of fitness-related traits ([@COV050C76]). Some tropical fish reared at temperatures above their environmental temperature range have shown reduced growth and decreased reproductive performance compared with conspecifics reared at lower temperatures, despite showing no significant reduction in metabolic performance ([@COV050C55]; [@COV050C26], [@COV050C28]). Other tropical fish held at 29°C \[Doederlein\'s cardinalfish (*Ostorhinchus doederleini*) and lemon damselfish (*Pomacentrus moluccensis*)\] showed a significant increase in RMR after acute exposure to 32°C, an effect that was not reduced by a longer acclimation time at this high temperature ([@COV050C59]).

A key measure of metabolic performance in fishes and other aquatic ectotherms is aerobic scope (AS), defined as the increase in oxygen consumption of the fish from its standard or resting to maximal metabolic rate (MMR, measured at critical swim speed). Aerobic scope is hypothesized to be tightly linked to the thermal window \[e.g. ([@COV050C64]; [@COV050C67]; [@COV050C30]), cf. ([@COV050C38]; [@COV050C60])\], described in a theoretical framework known as oxygen- and capacity-limited thermal tolerance ([@COV050C67]; [@COV050C65]). At increased temperatures, oxygen- and capacity-limited thermal tolerance predicts that oxygen delivery systems will not be able to keep pace with the increase in oxygen demands, resulting in a reduced AS of resting metabolism, resulting in a decline in AS ([@COV050C67]). This decline in AS is thought to occur because of a greater increase in RMR relative to MMR. For example, in response to thermal acclimation to increased water temperature, several species of coral reef fishes were unable to increase their MMR, while their RMR increased, resulting in an overall decrease in aerobic scope ([@COV050C58]). Thus, the dramatic increase in RMR in *P. multicolor* in response to acclimation to 32°C may compromise the AS of this population, although we did not estimate MMR in study.

In *P. multicolor* from Lake Kayanja, hypoxia tolerance, as estimated by *P*~crit~, decreased at the highest acclimation temperature. However, as would be expected from this species based on other studies demonstrating its high tolerance to hypoxia ([@COV050C13]; [@COV050C73]), all fish maintained their RMR down to very low $P_{O_{2}}$, with groups acclimated to 23 and 26°C reaching 9.6% O~2~ saturation (2.0 kPa) and groups from 29 and 32°C reaching 11.9% (2.4 kPa) and 16.4% (3.2 kPa), respectively. The *P*~crit~ is predicted to increase with metabolic rate, reflecting the temperature dependence of hypoxia tolerance ([@COV050C65]; [@COV050C25]); however, experimental exploration of this pattern is still weak, and results are inconsistent. Some studies have shown an increase in *P*~crit~ with temperature ([@COV050C4]; [@COV050C77]). Others have found no significant increase, indicating that some species may be able to maintain their metabolic rate at low $P_{O_{2}}$, despite a substantial increase in their RMR at high $P_{O_{2}}$ ([@COV050C61]; [@COV050C89]). However, a recent study that measured *P*~crit~ and RMR in two species of coral-reef gobies, *Gobiodon histrio* and *Gobiodon erythrospilus*, after a 3--6 day temperature acclimation, found results strikingly comparable to ours, i.e. a significant increase in both parameters between 29- and 33°C-acclimated groups ([@COV050C80]). Likewise, in the Doederlein\'s cardinalfish and lemon damselfish, [@COV050C59] found an increase of 79 and 23% in *P*~crit~, respectively, when fish were acutely exposed to a 3°C temperature increase (29 vs. 32°C), an increase that was not modulated by longer acclimation periods (10 or 22 days). Our results showed a 31% increase in *P*~crit~ between the last two temperature treatments. This elevated *P*~crit~ at the highest temperature treatment in *P. multicolor* is indicative of a decreased hypoxia tolerance during thermal stress, which is especially important as this species persists under extreme hypoxia in some parts of its natural range ([@COV050C13]; [@COV050C21], [@COV050C22]; [@COV050C72]). Therefore, exploring fish performance below *P*~crit~ may also be a good indicator of persistence under warming temperatures, especially in groups that frequently experience hypoxic conditions. Local adaptation in hypoxia-adapted populations may facilitate a wider thermal window and mitigate the effects of temperature on *P*~crit~, again emphasizing the importance of interpopulational studies of thermal sensitivities in eurytopic species such as *P. multicolor*.

Critical thermal maximum and agitation {#s4b}
--------------------------------------

It has been argued that the upper critical limit of the thermal window is determined by the inability of the cardiorespiratory system to meet increased tissue oxygen demands, which frequently results in an observed decline in aerobic scope at high temperatures ([@COV050C63], [@COV050C64]). However, a recent study subjecting European sea bass to anaemia by reducing haematocrit (thereby, directly lowering oxygen delivery capacity), found that individuals were able to increase their cardiac output to compensate for the rise in metabolic demands at increased temperatures, resulting in only a minimal reduction in CT~Max~ ([@COV050C88]). In our study, CT~Max~ increased in a linear fashion with temperature treatment, a trend that has been observed in other acclimation studies ([@COV050C70]; [@COV050C91]) and suggests that *P. multicolor* can adjust its thermal tolerance, at least to some degree, during short-term exposure to high temperatures. However, it is possible that increased thermal tolerance may come at a cost to other functional traits. A review focusing on trade-offs occurring during thermal adaptation points to the importance of developing integrative and large-scale thermal tolerance models that incorporate various levels of biological organization ([@COV050C69]). Indeed, integrative studies may be most ecologically relevant, because CT~Max~ represents a breakdown of whole organismal functioning, but organ systems required for fitness-related activities, such as predator avoidance, are expected to be impacted negatively before CT~Max~ is reached ([@COV050C2]; [@COV050C56]).

Agitation temperature, although not generally measured in CT~Max~ experiments, may represent an ecologically significant trait, which is likely to reflect avoidance behaviour. Interestingly, agitation temperature did not increase with acclimation treatment. For example, fish acclimated to 26°C became agitated at 37.7°C and lost equilibrium shortly afterwards, at 38.5°C, whereas fish acclimated to 32°C had a mean agitation temperature of 38.2°C, but did not lose equilibrium until 41.1°C. In both cases, fish began to exhibit avoidance behaviour at the same temperature, which may affect other functions, such as feeding and predator avoidance, emphasizing the importance of both physiological and behavioural indicators of thermal stress. Although, prior to this experiment, agitation temperature had yet to be reported in accordance with CT~Max~, effects of other environmental stressors on behavioural thresholds highlight the significance of behaviour as an early, yet significant response. For example, a study that prevented several species of marine sculpins from reaching the surface to perform aquatic surface respiration during progressive hypoxia found that all species underwent the same sequence of behaviours, including agitation and attempts to escape, and eventually, quiescence and unresponsiveness ([@COV050C53]). Furthermore, the authors found that the oxygen concentration at which agitation was first observed was correlated with *P*~crit~, linking this stress-induced agitation with a physiological parameter ([@COV050C53]). Another study, which measured restlessness in sand gobies in response to decreasing oxygen concentration, found that this behaviour increased significantly when the fish were exposed to levels of oxygen slightly above their critical levels ([@COV050C62]). This increase in spontaneous activity/agitation observed in these and other species in response to low oxygen is interpreted as an avoidance behaviour or an attempt to escape to areas of higher oxygen ([@COV050C62]; [@COV050C41]; [@COV050C11]). We interpret the agitation response measured in our study as this same type of avoidance behaviour; an effort, possibly at the cost of other behaviours (refuge, feeding, etc.) to reach cooler waters before suffering a physiological loss, which occurs soon after (at CT~Max~). In our CT~Max~ experiments, *P. multicolor* remained under cover for the majority of the experimental trial, emerging only at the agitation level, sacrificing their physical refuge, seemingly to search for more favourable thermal habitat.

By integrating field data on the thermal environment of *P. multicolor* with short-term acclimation experiments, the present study demonstrates the significance of small increases in water temperature above contemporary ambient levels on thermal tolerance, metabolic rate and critical oxygen tension. Certainly, the longer-term response to increasing water temperature via developmental plasticity and/or genetic change may alter thermal sensitivities, and this is a critical area for future study. However, predictions concerning potential effects of climate warming can be formulated based on smaller-scale, shorter-term changes observed within and among species in response to environmental variables that are expected to play a significant role in climate change, such as temperature ([@COV050C81]; [@COV050C10]; [@COV050C87]; [@COV050C52]). Our results demonstrate that *P. multicolor* is able to maintain its RMR and *P*~crit~ across a range of temperatures characteristic of its natural habitat, but incurs a higher cost of resting and diminished hypoxia tolerance at temperatures slightly above its present range despite an increase in CT~Max~. The predicted increase in temperature for the Lake Victoria region is 4°C before the end of the 21st century ([@COV050C93]), making it very likely that this population will be forced to perform more frequently at temperatures in the higher end of or slightly beyond their present range (29--32°C) over the coming years. These results are the first to suggest that *P. multicolor* from Lake Kayanja may already be living close to their thermal limit. Future experiments quantifying aerobic scope over a wider range of temperatures will be necessary to characterize the thermal window of performance.
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